Abstract: Uranium deposits are crucial resources for the development of the nuclear energy. Among known sources of uranium, the uranium-rich shales have recently obtained significance. In this paper, the Lower Cambrian Wangyinpu Formation shale in the Xiuwu Basin, southern China, has been studied using a combination of techniques including element analysis (Al, Fe, and Mn), δ 30 Si silicon isotopic analysis, δ 18 O oxygen isotopic analysis, study of core samples. It has been observed that significant hydrothermal activity occurred in the Xiuwu Basin during the Early Cambrian period. The results show that 20%-40% of the silicon in most of the sections of the Lower Cambrian Wangyinpu Formation were inherited from the hydrothermal fluids, with temperatures ranging between 75 ∘ C and 102 ∘ C. It is concluded that more than 90% of the uranium in most of the sections of the Lower Cambrian Wangyinpu shale was derived from submarine hydrothermal fluids, while less than 10% from the terrigenous detritus. The enrichment of uranium in the basin was observed in the Middle-Upper part of the Wangyinpu Formation and the geological resources estimated to a tune of~4.9×10 3 t.
Introduction
Uranium deposits are important strategic and energy mineral resources as well as basic raw materials for the nuclear industry [1] [2] [3] [4] [5] . Due to increasing domestic demand, China needs to generate more power to propel its economic development. Nuclear power is favored because of it is clean and efficient. In 2007, China proposed the goal of building 40 million kilowatts of nuclear power by 2020 and maintaining 18 million kilowatts of nuclear power under construction. According to estimates of the speed and scale of nuclear power development, a considerable amount of uranium resources is needed to meet future development goals. China has abundant uranium resources scattered in many types of deposits including granite-, volcanic-, sandstone-, and shale-hosted deposits [6, 7] . The shaletype uranium deposit is one of the earliest types of industrial uranium deposits that were discovered. In 1893, the world's first shale-type uranium deposit was discovered in Sweden. After 1940s, shale-type uranium emerged as an important type of uranium deposit for the mining industry during the peak of uranium exploration [8, 9] . Subsequently, several shale-type uranium deposits were discovered in Sweden, the United States, Norway, Germany, Russia, Kazakhstan, Uzbekistan, Germany, South Korea and China [10] .
Uranium-rich shale is rich in U and Si. There is abundant uranium in the shales of the Lower Cambrian Wangyinpu Formation in Xiuwu Basin; however, determining source of this uranium is still not known [11] [12] [13] . Previous studies were focused on understanding the source of silicon, in this paper we are constraining the source of uranium in shale. It is believed that some special sedimentary structures and minerals can be formed by seafloor hydrothermal activity [14] [15] [16] [17] . For special sedimentary structures, there are scour surface, columnar structures, vein structures, contraction-like structures, horizontal laminated bed structures and nodules. In addition, special minerals mainly refer to hydrothermal silica and uranium. Holdaway and Clayton (1982) used excess siliceous minerals (i.e., siliceous minerals beyond the normal terrigenous clastic sources) and proposed a method to quantitatively calculate excess siliceous mineral [18] Adachi et al. (1986) and Yamamoto (1987) proposed a method using the Al-Fe-Mn ternary plot to determine hydrothermal versus biogenic origin of silicate minerals [19] [20] [21] . Whereas, Bostrom et al. (1973) and Douthitt et al. (1982) proposed a method of determining origin of siliceous mineral using silicon isotopes [22, 23] . Furthermore, Savin et al. (1970) and Knauthand Epstein (1976) proposed a method for calculating hydrothermal temperatures suing oxygen isotopes [24, 25] ; Taylor and McLennan(1985) and Algeo et al. (2011) devised a method for calculating the elemental composition from non-terrestrial debris based on postArchean Australian shale (PAAS) standard values [26, 27] . In this paper we assess the relationship between silicon and uranium and characterize the source of uranium in the Lower Cambrian shale of the Xiuwu Basin. We further propose the enrichment model for silicon element and uranium in the Lower Cambrian shale and its utility for exploration and mining of uranium in the Xiuwu Basin.
Geological settings

Sedimentary and stratigraphic characteristics
In the early period of the Early Cambrian, sedimentary environments of the Yangtze Plate from northwest to southeast were ancient land, shallow shelf, deep shelf, continental slope, and oceanic basin ( Figure 1) ; whereas those from the Cathaysian Plate from northwest to southeast were ocean basin, continental slope, deep shelf, shallow shelf, and ancient land [28, 29] . The environment at the junction of the two plates was an ocean, with deep water gradually shallowing to both sides of the ancient land and the Xiuwu Basin was in a deep anoxic reducing environment [28, 29] . One of the goals of this paper is to describe a set of strata that was widely deposited on the Yangtze Plate and the Cathaysian Plate during the Early Cambrian. Due to its vast distribution, it has been given different names in different regions, for e.g. in the Lower Yangtze region, it is known as Wangyinpu Formation. It is characterized by a set of black-dark gray organic-rich shale deposited in the Early Cambrian, which is one of the key exploration targets for shale gas in China.
Tectonic characteristics
During the Sinian period, the Xiuwu Basin was an intracratonic basin. A marine regression at the end of the Sinian period formed the Piyuancun Formation, which was dominated by siliceous dolomite. Subsequently, a large-scale transgression occurred in the Early Cambrian, forming the Wangyinpu Formation black shale, which was rich in organic matter and had a thickness of 45-60 m. After that, the sea level gradually became shallower, and the sedimentary environment of the Guanyintang Formation transitioned into a shallow water shelf [30] . The sedimentary system shifted from the Early Cambrian clastic sedimentary system into the Middle-Late Cambrian carbonate sedimentary system before transitioning back into a clastic sedimentary system in the Early Middle Ordovician period [31] . Due to plate collision in the Late Ordovician-Early Silurian, the study area was squeezed to form a deep-water environment. During the Middle Silurian period, the water body gradually became shallower, and the study area was uplifted to the ancient land surface in the Late Silurian period [32] [33] [34] [35] [36] [37] . 
Elemental log data
This paper included elemental log data (U, Si, Al, and Th) from two wells provided by the Schlumberger Corp with a data point every 0.125 m of depth.
Elemental analysis
In this study, 87 core samples of the Cambrian Wangyinpu Formation from the Jiangye-1 well were taken approximately 0.5 m-1 m apart. The elemental analysis of core samples from the Jiangye-1 well was carried out by X-ray fluorescence spectrometry (Axios-MAX), and the mass percentage of Al, Fe and Mn was obtained.
Analysis of silicon and oxygen isotopes
Three core samples from the Lower Cambrian Wangyinpu Formation in Jiangye-1 well were selected for the measurement of silicon and oxygen isotopes using the MAT-251EM mass spectrometer in Nanjing University. The number and depth of samples are shown in Table 1 . The silicon isotope analysis method is the SiF 4 method, in which the samples were crushed to 200 mesh, calcined, their organic matter was removed, and then they were soaked in HCl to remove siderite and other sulfides. The purified samples (SiO 2 ) were reacted with BrF 5 at a constant temperature of 550 ∘ C to form SiF 4 gas. The purified SiF 4 gas obtained through the liquid N 2 trap purification process was measured by mass spectrometry. Based on international standard NBS-28, the analytical error limitation was ±0.1% . The method of oxygen isotope analysis was also based on the BrF 4 method measured by mass spectrometry using the international standard VSMOW, the analytical error limitation was ±0.2% . In addition to the silicon and oxygen isotope measurements of the three samples carried out in this study, the silicon isotope and oxygen isotope data of the Zhangjiajie profile of Hunan Province having same sedimentary environment were used for comparison. In layers where excess siliceous mineral is present, the excess siliceous mineral in half of the layers is between 20% and 30%, and the excess siliceous mineral in some layers is between 30% and 40%, even reaching 40% to 50%. See Figure 1 for the well location.
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Cores and field profile observation
In this study, core samples (total 72m thick) in the Lower Cambrian Wangyinpu Formation along with its overlying and underlying strata were logged in detail. Additionally, the Pukou profile (Lower Cambrian outcrop) in the northern side of the Xiuwu Basin was also recorded in detail.
Results and Discussion
Redox environment during the sedimentary period of the Lower Cambrian Wangyinpu Formation in Jiangye-1 well
Various methods have been used to decipher sedimentary environments including geochemical proxies. Among these, U/Th ratio had been effectively used to characterize the sedimentary redox conditions [19] [20] [21] . Generally speaking, U/Th > 1.25 represents anoxic environment, U/Th ratio between 0.75 and 1.25 represents dysoxic environment, and U/Th < 0.75 represents oxidizing environment. As can be seen from Figure 3 , the redox index (U/Th ratio) of the Lower Cambrian Wangyinpu Formation in Jiangye-1 well during the shale deposition period is very high (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) , which indicates that a strong anoxic environment prevailed at the time of deposition.
Source analysis of silicon in the Lower Cambrian shale
Using Si and Al log data from Jiangye-1 well, the excess siliceous mineral from a non-terrigenous clastic source was calculated, and the excess silicate minerals were identified with an Al-Fe-Mn ternary plot. Further, silicon isotope analyses were used to estimate the hydrothermal activity in the deposition of shale and temperature of the hy-drothermal fluid was calculated using oxygen isotopes, as discussed below.
An Al-Fe-Mn ternary plot to determine the source of silicate minerals
In shale, the silicon is concentrated in silicate minerals, namely, quartz and feldspar, more so in the form of pure quartz (SiO 2 ).The common sources of silicon are: terrestrial detrital deposits, hydrothermal silicon, and biogenic silicon [22, 39, 40] . During the hydrothermal activity, seawater reaches deeper parts of seabed through fissures and faults and exchange their chemical components with the crustal rocks. The infiltrated seawater gets heated by the heat supplied by underground magma chambers or extruded basalts, and manifest them in the form of submarine hot springs. The trace elements including most metallic elements in the hydrothermal are therefore quite different from those present in the ordinary seawater [41, 42] . Excess silicates (abbreviated as Siex) refers to those, excluding normal terrigenous clastic deposits. These were calculated by using following formula:
Sis refers to silicon in the sample, Als is the aluminum element in the sample, and (Si/Al) bg is 3.11, which is based on the average composition of the shale [18] . According to Si and Al log curves provided by Schlumberger Corp, this formula has been used to calculate the excess siliceous mineral from the Jiangye-1 well in the Lower Cambrian Wangyinpu Formation, and the results are shown in Figure 3 . It was observed that there is excess silica in most layers of the Wangyinpu Formation. In the layers where excess silica is present, about half of the layers have Siex between 20% and 30%, and in some layers, Siex is between 30% and 40%, occasionally reaching 40% to 50%.
Wedepohl (1971), Adachi et al. (1986) and Yamamoto (1987) proposed a method using the Al-Fe-Mn ternary plot to determine whether the excess silica is derived from hydrothermal or biogenic sources [19] [20] [21] . As shown in Figure 4 , the data fall within the hydrothermal field of the ternary plot, indicating that the excess silica is hydrothermal origin.
The silicon and oxygen isotopes
The δ 30 Si value in siliceous rocks has regular changes in different sedimentary environments. Therefore, the δ 30 Si value can be considered as an important index for judg- Figure 4 : Through the Al-Fe-Mn ternary plot analysis, it is found that siliceous mineral from the Lower Cambrian Wangyinpu Formation in the Jiangye-1 well contain excess siliceous mineral, which is derived from hydrothermal origin. See Figure 1 for the well location. I is the bio-origin, and II is the hydrothermal origin.
ing the origin of silica and its depositional environment. Generally, the δ 30 Si value of quartz from hydrothermal source is very small, ranging from −1.5% to +0.8% ; the δ 30 Si value of authigenic quartz in groundwater ranges from +1.1% to +1.4% ; the δ 30 Si value of quartz in metasomatic siliceous rock is higher, ranging from +2.4% to +3.4% [22, 23, 43] . In this study, the δ 30 Si values of the three core samples from the Lower Cambrian Wangyinpu Formation shale in the Xiuwu Basin, Jiangxi Province are +0.1% , −0.3% , −0.6% respectively, as shown in Table 2 (the samples numbered from 1 to 3). Previous δ 30 Si analysis of the Lower Cambrian shale in the Zhangjiajie, Hunan Province, showed that values were −0.3% , −0.4% , −0.5% respectively [38] , as shown in Table 2 (The samples numbered from 4 to 6). The δ 30 Si values of the six samples are all in the range of −1.5% -+0.8% , which indicates that in the Early Cambrian, the sedimentary environment was an oceanic basin affected by hydrothermal activity between the Yangtze Plate and the Cathaysian Plate. The oxygen isotope composition of shale is an important index for studying the genesis of silica [24, 25] value of hydrothermal quartz, reiterating hydrothermal origin for excess silica. The oxygen isotope composition of silicate rocks can be used to calculate the temperature of the ancient ocean [25] . The method for calculation of temperature is shown in the following two empirical formulas: (1), T is the thermodynamic temperature. In the above two formulas, the oxygen isotope composition of the sedimentary medium is unknown, but previous studies have shown that the oxygen isotope composition of seawater does not change much from ancient to modern. Therefore, it is assumed that the oxygen isotopic composition of ancient seawater is same as that of modern seawater, 0% [25, 44] . Based on above assumptions, the samples from the target layer in the study area (the samples numbered from was much higher than that near the equator (35
indicating that the ocean between the Yangtze Plate and the Cathaysian Plate in the Early Cambrian was greatly affected by exhalation of hydrothermal solutions.
Special sedimentary structures
In the deep sea where the sedimentary environment is relatively low-energy, shale with horizontal bedding and massive bedding will develop [45] [46] [47] [48] . If hydrothermal activity exists in the seabed, due to the fast flow rate and large flow volume, it will be easy to form special sedimentary struc-tures in the relatively soft seabed sediments, thus providing a basis for identifying hydrothermal activity.
(1) Scour surface
Scour surface refers to the uneven sedimentary surface caused by scouring the underlying sediments because of increased water flow rate, which indicates that there is a strong scour process after the underlying strata deposition [17] . The top of the consolidated and semiconsolidated deep seabed sediments will become an uneven erosional surface due to the scour of hydrothermal activity. Above the scour surface, when the sediments get deposited again, fragments and gravel from the underlying strata, which are washed down are often deposited in the gullies and grooves formed by scour ( Figure 5A ). The scour surface is relatively smooth and undulating, which indicates that it formed by submarine hydrothermal fluids scouring. Figure 1 for the well location.
(2) Columnar structures
At the bottom of the Lower Cambrian Wangyinpu Formation, in addition to the development of the scour surface structures, a large number of columnar barite bodies were formed ( Figure 5B ). The columnar body is composed of barite that is usually~1 m in length and~15 cm in diameter. The formation of columnar barite might be caused by quick exhalation of high density BaSO 4 . Due to the high density and quick exhalation, it crystallized without mixing with seawater.
(3) Vein structures
A large number of veined barite bodies were found in the Lower Cambrian Wangyinpu shale. This is because when the seabed sediments had not been consolidated, they were invaded by hydrothermal fluids rich in BaSO 4 , causing strong deformation of the shale ( Figure 5C ). These structures were formed because the cracks were filled with barite.
(4) Contraction-like structures
Some dry crack-like structures were often found on carbonaceous shale from the barite ore floor ( Figure 5D ). The cracks were filled with carbonaceous shale containing barite that may be formed by hydrothermal fluids filling cracks in the underlying bed.
(5) Horizontal laminated bed structures
Horizontal laminated bed structures of organic shale and barite layers can be formed in the shale ( Figure 5E ). The sedimentary structures were well developed in hydrothermal sedimentary rocks, particularly in the late stage of hydrothermal venting-flowing process or at the periphery of the vents.
(6) Nodules
Barite nodules were products formed by a small amount of exhalative material at the end of the exhalation of fluids rich in BaSO 4 . Barite nodules generally were~5 cm in diameter and~2 cm in height and were densely packed (Figure 5F ). The Lower Cambrian Wangyinpu Formation displayed a variety of sedimentary structures: scour surface, columnar structures, vein structures, contraction-like structures, horizontal laminated bed structures, and nodules, and all constituted a typical structural assemblage resulting from hydrothermal exhalation, indicating the process of submarine exhalation from beginning to end.
From above analysis, hydrothermal activity was relatively developed at the junction of the Early Cambrian Cathaysian Plate and the Yangtze Plate due to extension between the two plates. As a result, silicon in shale was not only derived from terrestrial detritus, but also contained deep crustal materials produced by the hydrothermal activity.
Analysis of uranium source
In seawater, the concentration of uranium was very less. Similar to silicon, uranium in oceanic water mainly also comes from two sources: terrigenous and non-terrigenous source. Uranium from non-terrigenous source is called excess uranium (U XS ), and its content can be calculated by the total content of uranium (Us) minus the estimated content [Als(U/Al) PAAS ] derived from terrigenous detritus. The formula is expressed as given below: U XS = Us − Als(U/Al) PAAS Where, Us -total content of U in shale sample, Als-total content of Al in the shale sample. The PAAS is the chosen standard shale in Australia [26] . The (U/Al) PAAS is the ratio of the two elements in the shale, specifically, 3.67×10 −5 , and the U XS is the excess value of uranium. If U XS is positive, it indicates that there is a uranium component of nonterrigenous origin. If U XS is negative, it indicates that the uranium in the sample is from terrigenous detritus. The U XS value for current samples is shown in Figure 6 . The results indicate that there is uranium of non-terrigenous origin in most layers of the Wangyinpu Shale, and in the layers containing non-terrigenous uranium, the proportion of uranium from a non-terrigenous source is greater than 90%. Aluminum was related to terrestrial debris, but the uranium from non-hydrothermal origin was also related to other factors. Therefore there was an error in the calculation of formula. Hydrothermal activity can introduce various elements into sedimentary materials, including metals such as Na, Mg, Ca, Fe, Mn, Zn, Cu, and K; radioactive elements such as U and Th; and non-metallic elements such as Si, S, and P [49] . The organic matter has great adsorption capacity in adsorbing uranium from seawater, which catalyzes ura- The model of the source of silicon element and uranium element in the Xiuwu Basin during Early Cambrian. 20%-40% of silicon comes from seafloor hydrothermal fluids, the rest comes from terrigenous detritus; more than 90% of uranium comes from seafloor hydrothermal fluids, less than 10% from terrigenous detritus.
nium deposition. A correlation between excess uranium and excess silica in the Wangyinpu shale is shown in Figure 7 , which shows a significant positive correlation. It appears that since the excess silica was derived from hydrothermal fluids, excess uranium might also be derived from the hydrothermal fluids. By this analogy, more than 90% of the uranium in most of the Wangyinpu shale was derived from the hydrothermal activity in Xiuwu Basin during the Early Cambrian period, leaving less than 10% U contribution from the terrigenous detritus. Figure 6 shows the uranium is concentrated in the Middle-Upper part of the Wangyinpu Formation. The continuous thickness with greater than 50 ppm uranium is 27 m, from 2620 m to 2647 m. The total thickness with greater than 100 ppm uranium is 9 m, from 2620 m to 2690 m. The potential area of uranium resources in Xiuwu Basin is 840 km 2 , and the geological uranium resources in Xiuwu Basin are calculated to be 4.9 × 10 3 t, which is a good prospect for uranium exploration.
Mode of enrichment of silicon and uranium in Wangyinpu shale
In the above discussion, the mechanism of silica and uranium enrichment in the Wangyinpu shale in the Xiuwu Basin is summarized, as shown in Figure 8 . In the Early Cambrian period, due to the continuous activity of the super mantle plume, the Gondwana began to rift, and the Yangtze Plate and the Cathaysian Plate at the edge of the Gondwana underwent extension. The seawater was deep and highly reductive. Oceanic water penetrated into the deep seabed crust through the extensional faults between the two plates, and the infiltrated seawater was heated by magma and rose after substantial chemical exchange. Subsequently, the oceanic water escaped from the seabed in the form of submarine fountains. The hydrothermal fluids had temperatures as high as 75 ∘ C-102 ∘ C and were enriched in silicon and uranium. In addition, terrigenous detritus also carried some silicon and uranium, which were co-deposited from the two sources to form uranium-rich shale. Approximately 20%-40% of the silica in the shale came from seabed hydrothermal fluids, and the rest of it came from terrigenous debris; whereas more than 90% of the uranium element came from seabed hydrothermal fluids, and less than 10% came from terrigenous detritus.
Conclusions
1. In most parts of the Lower Cambrian Wangyinpu Formation shale in the Yangtze region,~20%-40% of the silica in the shale was contributed by the hydrothermal fluids having temperatures of 75 ∘ C-102 ∘ C.
2. Sedimentary structures typically formed in the hydrothermal environment, such as scour surfaces, columnar structures, vein structures, contractionlike structures, horizontal laminated bed structures, and nodules were observed in the Wangyinpu For-mation shale provide conclusive evidence for the wide spread hydrothermal activity in the studied area. 3. More than 90% of the uranium in most of the layers of the Lower Cambrian Wangyinpu Formation was derived from submarine hydrothermal fluids, while less than 10% was from terrigenous detritus. 4. Uranium was concentrated in the Middle-Upper part of the Lower Cambrian Wangyinpu Formation in the Xiuwu Basin. The geological uranium resources were 4.9×10 3 t, which was a good prospect for exploration. The uranium enrichment model for the uranium-rich shale in the Xiuwu Basin proposed here indicates extensional tectonics was responsible for the uranium enrichment through hydrothermal solutions.
